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SUMMARY

The performance of 14 commercial adhesives at temperatures from
-70° to 600° F was evaluated in lap shear specimens of clad 24S-T3 alumi-
num alloy to itself and that of T commercial adhesives at —70O to 250o F
in lap Joints of cotton-fabric-phenolic leminate to itself, of glass-
fabric-polyester leminate to itself, and in joints of each of these
laminates to clad aluminum. One hot-setting tape adhesive was found to
be significantly superior to all others in lap-joint specimens of alumi-
num alloy to itself and that of 7 commercial adhesives at -70° to 250° F
mercial adhesives evaluated at -TO° to 250° F in lap shear specimens of
plastic laminates bonded to themselves and to alumimum had only fair
registance to stressing immediately upon reaching 250° F. The adhesives
generally performed adequately 1in the various joints at -70° F.

INTRODUCTION

In the manufacture of aircraft, the bonding of panels of sandwich
constructions of aluminum to various core materials and the bonding of
aluminum to itself by means of adhesives offer several important advan-
tages over other methods of fastening. Similar techniques for adhesive
bonding of structural plastic laminates are also important. A number of
edhesives have been formulated for use in bonding metals, and some af

- these adhesives have also been used for bonding plastic laminates. Other

adhesives have been formulated particularly for bonding these laminates.
Adhesives of these types have generally proved to be satisfactory under
ordinary service conditions. In modern aircraft, however, such bonds
may be exposed to very low temperatures in arctic service or at high
altitudes or to very high temperatures that may occur at high speeds

or in certain parts of the aircraft. Limited available information
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indicated that some of the current adhesives were not adequate for high-
temperature service.

The work for which the results are here presented was undertaken
in order to evaluate more extensively the performance in aluminum lap
joints of a number of representative commercial metal-bonding adhesives
at temperatures from -70° to 600° F, both when tested immediately at
these temperatures and when tested after several days of exposure at
temperatures from 160° to 450° F. Such performance data for these
commercial adhesives were desired as a background on which to base new
formulations of adhesives which might be adequate for aircraft use.
Inasmuch as the field of adhesives for bonding structural parts is in a
state of constant flux, as 1s evidenced by the frequent appearance of
new commercial adhesives, as well as new or modified bonding procedures,
the limited results reported herein should be viewed as representing
only the relative efficiency of the adhesives when tested under the
conditions specified. They are not intended for use as a basis on
vwhich to select adhesives for aircraft use.

The work herein reported -~as done in two separate series of tests.
A first group of adheslves was systematically evaluated at a complete
series of temperature conditions. A second series of adhesives was then
evaluated on a much more limited scale by screening them at elevated-
temperature conditions that had been found to be quite critical for the
first group of adhesives. Only those adhesives considered to show
unusual promise at high temperatures in these screening tests were
then evaluated more thoroughly over a larger range of temperature
conditions.

Because of the importance of certain high-strength plastic laminates
in modern aircraft it was also desirable to make some preliminary inves-
tigations of the performance both at an elevated and at a low tempera-
ture of some of the better adhesives used in bonding these laminates to
themselves. Only those adhesives that showed promising performance in
these tests were further evaluated under the same conditions Iin bonds
of these laminates to clad aluminum alloy.

This investigation was conducted at the Forest Products Laboratory

under the sponsorship and with the financial assistance of the National
Advisory Committee for Aeronautics.

PROCEDURE

Adhesives

The following commercial adhesives, identified in this report by
the letters preceding the descriptions given below, were evaluated in
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aluminum-to-aluminum joints. A code sheet identifying the adhesives by
trade names or supplier is attached to the report as appendix A.

A high-~temperature-setting formulation of a thermosetting resin
and synthetic rubber (believed to be neoprene)

B two-stage process; primary adhesive was A and secondary
adhesive was an acid-catalyzed, intermediate-temperature-
setting, phenol-resin adhesive

C high-temperature-setting modified vinyl-resin formulation

D high-temperature-setting modified vinyl-resin formulation

B high-temperature-setting, two-component, modified vinyl-
resin formulation

F high-temperature-setting modified vinyl-resin formulation

G high-temperature-setting formulation of a thermosetting resin
and synthetic rubber (believed to be butadiene-acrylonitrile)

H high~temperature-setting silicone resin

I high-temperature-setting adhesive agsumed to be a formulation

of a phenol resin and a polyvinyl-butyral resin

J high-temperature-setting adhesive in powder form assumed to be
a formulation based on epichlorohydrin resins

X high-temperature-setting adhesive assumed to be of a modified
polyvinyl-butyral base

L ) room-temperature-setting adhesive assumed to be a formulation
based on epichlorohydrin resins

M room-temperature-setting adhesive assumed to be a formulation
based on epichlorohydrin resins

N high~temperature-setting tape adhesive assumed to be a
formulation of phenol resin and synthetic rubber (probably
butadiene-acrylonitrile)

In addition to adhesives D and M, the following adhesives were
used In plastic-to-plastic and in plastic-to-aluminum Joilnts.
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0 room-temperature-setting resorcinol resin

P room-temperature-setting polyester-resin formuilation with
benzoyl-peroxide catalyst and & commercial promoter

Q room-temperature-setting adhesive assumed to be a formilation
based on epichlorohydrin resins

R high-temperature-setting polyester-resin formulation with
benzoyl-peroxide catalyst

S room-temperature-setting furane-resin formulation

Test Panels and Specimens

Aluminum-to-eluminum Joints.- Test panels of aluminum-to-aluminum
joints were prepared by bonding two sheets of 0.06L4-inch-thick clad 24S-T3
aluminum alloy, each 5 by 8 inches in area, with an overlap of 0.5 inch
along the 8-inch length. The panel and test specimen are shown in
figure 1. Six specimens, each 1 inch wide and 9.5 inches long, were cut
from each panel with a special power saw in such a manner that over-
heating or mechenical damage to the specimen was reduced to a minimum.

Plastic-to-plastic and plastic-to-aluminum joints.- Lap shear
specimens of four types were prepared. These were:

(1) Type A: Grade L cotton-fabric-phenolic laminate to itself
(2) Type B: Glass-fabric (181-114)-polyester laminate to itself

(3) Type C: 24S-T3 clad alumimum to grade L cotton-fabric-phenolic
lamingte

(4) Type D: 245-T3 clad alumimm to glass-fabric (181-114)-polyester
laminate

Panels for specimens of types A and B were prepared by bonding two
sheets of the leminate, each 1/8 inch thick and 1l by 105 inches in
area, with a 0.5-inch lap along the lO%-—inch slde, as shown in figure 2.

Eight specimens, each 1 inch wide and 3% inches loﬁg as shown, were cut

from each of these panels with a special power saw in such a manner that
mechanical damage and overheating of the specimen were reduced to a

minimum.
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Panels for specimens of types C and D were prepared by bonding

strips of 0.032-inch-thick 24S-T3 clad aluminum alloy, each l% by

10% inches in area, with a strip of 0.032-inch-thick plastic laminate
1/2 inch by 10% inches in aresa, inserted between the sheets of aluminum
80 that each edge of the aluminum overlapped the laminate, as shown in

figure 3. Eight specimens, each 1 inch wide and 3% inches long, were

cut from each of these panels with & special power saw, as for types A
and B.

Preparation of Surfaces for Adhesive Bonding

Aluminum.~ Lettering and surface grease were first removed from the
aluminum sheets by wiping with a benzene-soaked cloth. The sheets were
then immersed for 5 minutes at 140° to 160° F in a bath of the following
composition:

Ingredient Parts by weight
Sodium dichromate 1
Sulfuric acid (concentrated) 10
Water 30

After removal from this bath the sheets were rinsed thoroughly in cold
water, then in hot water, and then allowed to air-dry.

Plastic laminates.- Plastic laminates were prepared by light
sanding with medium-fine emery cloth and then wiped with a clean cloth
saturated with ethyl acetate.

Procedures for Bonding

The conditions used for bonding the aluminum-to-aluminum joints
are given in table 1, and the conditions for bonding plastic laminates
to themselves and to aluminum are given in table 2. The adhesive was
always spread within 4 hours after cleaning the metal or plastic
laminate. After their removal from pressure all panels were conditioned
for 7 days at 80° F and 30-percent relative humidity before individual
test specimens were cut from them as previously described.
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In bonding sluminmum to aluminum with adhesives A to N the bonding
conditions were within the range recommended by the manufacturer, with
the exception of adhesive H, which was primarily intended as & metal
primer used in combination with other adhesives. The manufacturer's
recommendations for bonding conditions for adhesive H therefore were
not available. This silicone resin was used experimentally as an
adhesive in this study because of the reputation of silicones as heat-
resistant materials.

Specific recommendations were not usually made by the adhesive
manufacturers for use of their adhesives in bonding aluminum to plastic
laminates or plastic laminates to themselves. However, the adhesives
used in bonding these materials were used following the manufacturers!
general recommendations for the adhesives, with the exception of
adhesive P, which was used with special promoters in an attempt to
formulate an adhesive capable of curlng at normal room temperatures.

Testing Procedure

Aluminum~to-aluminum specimens.- The aluminum-to-aluminum specimens
were tested in tension shear in a universal-type testing machine. At
-70° and at 80° F the specimens were held in self-alining wedge grips.
At the other temperatures the load was applied through special slotted
grips by means of pins 5/16 inch in diameter, which were inserted through
holes (3/8 in. in diam.) drilled 3/% inch from each end of ‘the specimen.
These grips were self-alining. The latter method permitted rapid
changing of specimens in the test machine and, therefore, reduced tem-
perature fluctuations becguse the test-chamber door was open for shorter
periods of time. This method of loading with pins could not be used at
-70° to 80° F because at these temperatures the specimens failed at the
holes where the pins were inserted. At the higher temperatures the
adhesive bonds were not strong enough to reach this level of strength
of the metal. The load was applied at the rate of 600 pounds per minute
until failure occurred.

After failure, each broken specimen was examined and the percentages
of failure that occurred in cohesion in the bonding agent and in adhesion
of the bonding agent to the metal were noted.

Plastic-to-plastic end plastic-to-aluminum specimens.- The plastic-
to-plastic and plastic-to-aluminum specimens were tested in tension
shear in a universal-type testing machine. The specimens were held by
grips of the plywood-testing type with the Jaws offset so that eccen-
tricity was reduced to a minimum. ILoading was at a rate of 600 pounds
per minute until failure occurred. After failure, each specimen was
examined and the percentages of failure that occurred in the laminate
or in adhesion to the laminate or to the aluminum were noted.
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Number of Test Panels and Specimens

Aluminum-to-aluminum joints.- The number of aluminum-to-aluminum
test panels prepared depended on the number of tests to be made. For
the series of tests with adhesives A to G and with adhesive N, 17 to
20 panels were prepared so that representative groups of six specimens
could be tested under each of the test conditions shown for these
adhesives in table 3. With adhesives H to M, which were given screening
tests but were not included in complete evaluation tests, three panels
wvere prepared and provided similar representative groups of six specimens
for preliminary tests. Later, additional panels were prepared with the
same adhesives under the same conditions and tested under other condi-
tions. In such cases an extra control group of six specimens was always
retested at 80° F. The results of tests of these comtrol groups were
in close agreement, except as noted in the tables.

Plastic-to-plastic and plastic-to-aluminum joints.- Three panels
wvere prepared for specimens of types A, B, C, and D with each adhesive
and each plastic. ZXach panel provided eight test specimens. The
24 specimens cut from these panels were then sorted into three repre-
sentative groups of eight each for the various tests described in the
section entitled "Test Conditions."

Test Conditions

Aluminum-to-gluminum joints.- In a complete series of tests, groups
of six aluminum~to-aluminum specimens were tested at each of the following
conditions: :

(1) Test 1: Tested immediately upon reaching equilibrium with each
of the following temperatures: -70°, 80°, 140°, 160°, 200°, 250°, 350°,
4500, and 600° F

(2) Test 2: Tested after exposure for 192 hours (8 days) at each
of the following temperatures and while at these temperatures: 160°,
250°, 350°, and 450° F

(3) Test 3: Tested at room temperature after 192 hours (8 days) at
each of the following temperatures: 160°, 250°, 3500, and 450° F

(4) Test 4: Tested at -70°, 80°, or LOO® F after exposure to three
repeating cycles, each consisting of 3 hours at -70° ® followed by
21 hours at 400° F

Temperatures were checked frequently with thermocouples.
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For screening tests, adhesives were first evaluated by testing at
80° F, at 450° F after 192 hours at this temperature, and at 80° F
after 192 hours at 450° F.

Plastic-to-~plastic and plastic-to-aluminum joints.- One group of
eight plastic-to-plastic specimens of each plastic (types A and B) was
tested at 80° F. Adhesives that were considered promising on elther
plastic in these tests at 80° F were evaluated further by testing one
of the other groups of specimens at -70° F and the other at 2500 F as
soon as the specimens had reached equilibrium at these temperatures.
Adhesives that showed promise in these tests at -70° and at 250° F, and
which on the basis of other work were shown to be suitable for bonding
aluminum, were further investigated for bonding the same plastic
laminates to clad aluminum alloy by preparin% specimens of types C and D.
These were tested at 80° and at ~70° and 250° F immediately after
reaching egquilibrium at these temperatures.

RESULTS

Aluminum-to-Aluminum Joints

Results of the tests of the various commercial adhesives in
aluminum-to-aluminum joints are given in table 3. These results are
the average of a number of tests as shown in the table. Table 4 shovs
the maximum and minimum joint strengths obtained in these tests.

Most of the adhesives had satisfactory strength when tested
initially at 80° F. Exceptions were adhesives G and H. These were
probably incompletely cured under the curing conditions used, since
there was evidence to indicate that their over-all joint performance
had improved somewhat more than that of some of the other adhesives
when subsequently heated at 450° F in the 192-hour exposures. As
presently formulated, however, adhesives G and H could not be considered
to be practical adhesives for bonding aluminum to itself for high-
strength joints.

Only adhesives G and N were considered to have promise for service
at extreme high-temperature conditions, in that these adhesives were the
only ones eveluated that had reasonably good strength after 192 hours'
exposure at 4500 F vhen tested both at 450° F and at 80° F (439 and
486 1b per 0.5 sq in. average strength, respectively, for G and N at
450° F, and 605 and 606 1b per 0.5 s8qg in. average strength, when tested
at 80° F after exposure at 450° F). Adhesives E and H had average
strengths of 608 and 592 pounds per 0.5 square inch, respectively, when
tested at 80° F after 192 hours at 450° F, but they retained only 161 and
100 pounds per 0.5 sguare inch, respectively, vhen tested at 4500 F
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after this exposure. Other adhesives gave lower values in both tests,
always being lower in strength when tested at 450° F than when tested

at 80° F after this heat exposure. Agdhesive N was the best in per-
formance at 600° F when joints were tested immediately upon reaching
equilibriumn at this temperature, having an average strength of 114 pounds
per 0.5 square inch, but this strength is probably of little significance
in a consideration of structural applications.

All adhesives lost significant proportions of their initial strength
at 80° F when they were tested immediately after reaching equilibrium at
temperatures of 160° F or higher. The magnitude of such loss in strength
for each adhesive generally increased as the temperature of test increased
except for adhesives B, C, and D. Adhesives A, B, and N were superior
at the intermediate test temperatures, retaining considerably higher
strengths at 250° F or higher than did any of the other adhesives tested
immediately at these temperatures. It should be noted that these three
adhesives were presumably formulated of phenol resins and synthetic
rubbers and that other adhesives, believed to be composed primarily of
phenol resins and thermoplastic vinyl resins, such as C, D, E, and F,
had definitely lower strengths when tested immediately at 250° F or
higher. Adhesive G, also believed to be a synthetic-rubber formulation,
had low resistance to stressing at 250° F or higher. Adhesives K, L,
and M, the latter two being room-temperature-setting epichlorohydrin-
resin formulations, had the lowest resistance to stressing at 140° and
200° F and were the least heat resistant of all adhesives evaluated in
this study.

The relative behavior of several adhesives when tested immediately
at 2500, 3500, or 450° F, and at either 80° F or these same temperatures
after 192 hours at these elevated temperatures, is interesting and may
disclose valuable information on the characteristics of certain resin
formulations. The 192 hours?! exposure to 250o and 350o F improved the
strength of the joints made with adhesives C, F, and G when they were
tested at 80° F following the exposure at elevated temperature, and for
adhesive D when tested at 80° F after exposure at 250° F only. In some
cases this- improvement was significant, as was that for adhesive G, which
was previously noted to be slow in initial curing. Joints made with this
adhesive increased in average strength from 778 (initial value) to
1635 pounds per 0.5 square inch when tested at 80° F after the 192-hour
exposure at 350° F. Under the same conditions, Joints made with adhesive C
increased in average strength from 1781 to 2495 pouands per 0.5 square inch,
and those made with adhesive F, from 1182 to 1720 pounds per 0.5 square
inch. Other adhesives, such as A, D, and N, lost a significant amount of
strength because of this 192-hour exposure at 350° F. The improvement
in strength noted in adhesives C, F, and G was probably due, at least in
part, to further cure or cross-linking than that which resulted under the
initial curing conditions noted in table 1. Such further cure was also
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indicated by the increases in strength noted between the results of tests
of specimens upon first reaching equilibrium at 250° and 350° F and by
the results of tests at these elevated temperatures after 192 hours

of exposure at these same temperatures. Joints made with adhesive B,

for example, had an initial average strength of 498 pounds per 0.5 sguare
inch when tested upon first reaching 350° F and an average strength of
722 pounds per 0.5 square inch when tested at 350° F after 192 hours

at this temperature. Adhesives C, D, E, F, G, and N showed similar
increases. More striking increases were noted at 250° F. Joints made
with adhesive D increased in average strength from 93 to 919 pounds per
0.5 square inch after the 192-hour exposure at this temperature. Some-
what smaller increases were also noted for adhesives B, C, E, F, and N.
Another striking example was noted for adhesive G at 450° F, where the
average initial strength at 450° F of 46 pounds per 0.5 square inch
increased to 439 pounds per 0.5 square inch after 192 hours at this
temperature. Increases in strength at 450° F were also noted for
adhesives C, D, E, H, and N, although, with the exception of adhesive N,
the improvements were probably of little practical significance. The
strength of joints tested at the elevated temperature after the 192 hours
of exposure was, in general, considerably lower than when tests were
made at 80° F after the same exposure.

The performance of adhesives A and B was, in general, different
from that of the other adhesives in the 192-hour exposure at elevated
temperatures. Joints made with adhesive A, in particular, had lower
strengths after the 192-hour exposure at 250°, 350°, and 450° F than
similar joints tested upon reaching these temperatures. Joints made
with adhesives A and B both lost essentially all strength after the
192-hour exposure at 4500 F when tested at 450° F, and they regained
none of this strength when cooled to 80° F after this exposure. It
should be noted that these two adhesives, A and B, had the highest
average strengths of all adhesives evaluated (475 and 510 1b per 0.5 sg
in., respectively) when tested upon coming to equilibrium with 4500 F,
but that when tested either at 80° or at 450° F after 192 hours at
450° ¥, these same adhesives had the poorest performance.

These data, then, show interesting differences in both the initial
thermostability of adhesives at elevated temperatures, probably because
of variations in thermoplasticity of the resins involved, and in the
resistance to thermal degradation of these adhesives after a period of
8 days at these same elevated temperatures. Loss of strength in the
long exposure may be caused either by actual chemical degradation of the
resins or by further curing of the resin beyond an optimum point that
results in glue lines with excessively high strains that produce failure
at lower levels when stressed in the testing procedure used in the present
study. Adhesive N is believed to represent the most successful compromise
between an adhesive having sufficient strength after initial cure, one
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having sufficient resistance to thermal softening over a range of
elevated temperatures, and one having resistance to further degradation
as a result of exposure at these elevated temperatures for several days.

Joints tested immediately upon reaching equilibrium at -70° F
generally had lower strengths than those tested at 80° F. Exceptions
were noted for adhesives A and G. The former had an average strength of
1530 pounds per 0.5 square inch at 80° F and of 2813 pounds per 0.5 square
inch at -70° F and the latter had strengths of 778 and 1493 pounds per
0.5 square inch, respectively, under the same conditions. Adhesives E
and N showed decreases of only 1l and 7 percent, respectively, when
tested at -70° F, while adhesives B, C, D, and F lost from 32 to 60 per-
cent of their average strength at 80° F when tested at -70° F. The
Jjoints were always much stronger at -70° F than at 250° F or higher,
elther when tested upon reaching the temperature (test 1) or after
192-hour exposures to such elevated temperatures (test 2). Performance
of these adhesives in such aluminum-to-alumimm Joints at -70° F did not
appear to be so serlous a limitatlon to their utilization as was their
performance at the elevated temperatures.

The cyclic exposure at -T0° and 400° ¥ (test 4) was not so severe
as the 192-hour exposure at 350° or 450° F (tests 2 and 3). Results in
test 1 at -70° F indicate that the part of the cycle involving the low
temperature probably had less effect on joint performance than did the
portion at 400° F. When the specimens were tested at 80° F after the
three cycles strength values were generally higher than when specimens
vere tested after exposure for 192 hours at 350° F (test 2) and were
generally lower than when tested at 80° F after 192 hours at 350° F
(test 3). Tests made at 80° F after the cyclic exposure generally gave
higher strength values than those obtained in tests at 80° F after
heating for 192 hours at 450° F (test 3). Adhesive B had the highest
strength (558 1b per 0.5 sq in.) when tested at LOO° F after cyclic
exposure.

Plastic-to-Plastic and Plastic-to-Aluminum Joints

The results of tests of plastic-to-plastic and plastic-to-aluminum
Joints are given in tebles 5 and 6. The averages of the results of a
number of tests are given in table 5 and the maximum and minimum joint
strengthes obtained in these tests are given in table 6.

Adhesives O, P, and R gave average strengths of 322, 327, and k21
pounds per 0.5 square inch, respectively, in phenolic laminate specimens
at 80° F and were not considered to be sufficiently promising to Justify
further investigation in this work. Adhesive O was also not considered
promising enough for bonding glass-fabric laminates to justify further
evaluation. Adhesives D, M, Q, and S gave initial average strengths at
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80° F of 639 to 648 pounds per 0.5 square inch in the phenolic laminate
and resulted In large amounts of plastic fallure. Adhesive D was the
most promising at 250° F, retaining an average strength of U414 pounds
per 0.5 square inch, and adhesive S was next with 276 pounds per

0.5 square inch; adhesives M and Q, in turn, retained 188 and 118 pounds
per 0.5 squere inch, respectively, at 250° F. A1l four adhesives
retained all of their initial strength at 80° F when tested at -T0° F
in phenolic leminate Jjoints.

In jolnts of glass-faebric laminate to itself, adhesive D gave
considerably higher initial average strength at 80° F (1100 1b per
0.5 8q in.) than it did in phenolic laminate joints, mainly because
of less failure in the stronger glass-fabric plastic laminate. Strength
results with adhesives M and Q in glass-laminmte specimens were about
the same at 80° F as they were in phenolic laminate specimens, and
similar joints made with adhesive S were somewhat lower in average
strength at 80° F (420 1b per 0.5 sq in.) than for this adhesive in
phenolic laminate joints (639 1b per 0.5 sq in.). Performances of
these adhesives at 250° F in the glass-fabric laminates were quite
similer to those in the phenolic laminates, with strength values for
adhesives D and S belng somewhat lower and the strength value for
adhesive M being somewhat higher on glass-fabric laminates. Adhesive D,
the only one used in aluminum-to-aluminum Jolnts and tested immediately
after reaching equilibrium at 250° F, had an average strength of
93 pounds per 0.5 square inch in metal-to-metal Joints at 250° ¥, as
previously mentioned, as compared with 41k and 303 pounds per 0.5 square
inch in the plastic-to-plastic Joints of the two laminates in the present
study. A1l adhesives 1n the present study of glass-febric-laminate
Joints retained essentially all of their initial strength at 80° F when
tested at -70° F except D, and the strength of the joints with adhesive D
at -T70° F was still 862 pounds per 0.5 square inch.

Only adbesives D, M, and Q were conslidered to be of sufficient
promise to be evaluated in plastic-laminate-to-aluminum joints, since
previous experlence in other studies had indicated that adhesives P, R,
and S were not promising for bonding to aluminum. Adhesives D and Q
produced initial Joints with both laminates to alumimm that were
approximstely equal in strength at 80° ¥, whereas adhesive M was some-
what inferior. The relative performance of these adhesives at 250° F
was somevwhat similar to that of the same adhesives 1ln plastic-to-plastic
Joints, with adhesive D being considerably superior to adheslves M and Q.
Performance of these same adheslves in plastic-to-metal Joints at -70° P
was dilstinctly poorer than that for these same adhesives at 80° F, or
than that in plastic-to-plastic joints at -70° F. Failures were largely
in adhesion to the metal or to the plastic, which may have been caused
by excessive differential stresses exerted In the glue llnes between the
dissimilar materials at this low temperature. Adhesive D was the best
of the three adhesives at -70° F, retaining 60 and 84 percent,
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respectively, of the average strength at 80° F in the joints of the
phenolic laminate to aluminum and of the glass-febric laminate to
aluminum.

Adhesive D, a hot-setting formulation, was thus the most promising
adhesive for bonding both plastic laminates to themselves and to aluminum
where resistance to stressing at both -70C and 250° F is important. The
two room-temperature-setting formulations M and Q were inferior to D in
resistance to softening at 250°.F and, to a lesser extent, to resistance
to stressing at -TO° F in the plastic-to-metal joints.

SUMMARY OF RESULTS

The following results are derived from an investigation of the
effect of temperatures from -70° to 600° F on the bond strength of
lap shear specimens of clad 23S-T3 aluminum alloy and of cotton- and
glass-fabric plastic laminates.

1. The most promising commercial adhesive tested, from the stand-
point of resistance to temperatures of 450° F or higher, was adhesive N,
a8 hot-setting tape adhesive assumed to be a formulation of phenol resin
and synthetic rubber, probably butadiene-acrylonitrile. DNone of the
other adhesives tested was considered to be as promising for applications
where resistance to temperatures of 450° F or higher is required, although
adhesive G, a slow-curing adhesive, also believed to be a formulation of
phenol resin and a synthetic rubber, had promising resistance to pro-
longed exposure at high temperatures. Adhesives A and B, containing
another type of synthetic rubber, were not promising for high-tempersature
service.

2. Adhesive D, a high-temperature-setting, modified vinyl-resin
formilation, was the only adhesive investigated that had reasonasbly
good adhesion in aluminum-to-aluminum, in glass-cloth-phenolic laminates
to themselves, and in laminate-to-alumimm joints and which had any
reasonably good resistance to temperatures as high as 250° F.

3. Of the adhesives found to be suitable for bonding phenolic-cotton-
fabric or polyester-glass-~fabric lsminetes to themselves, none had any
outstanding resistance to thermal softening when tested upon reaching
250° F.

4, The shear strength of lap-type specimens of aluminum or plastic
laminates bonded with the various adhesives in this study was considerably
less affected by stressing at -70° F than by stressing at 250° F or higher.

Forest Products Laboratory
Madison, Wisc., January 26, 1951
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APPENDIX

CODE SHEET IDENTIFYING ADHESIVES USED IN INVESTIGATION

L]

The trade names or suppliers of the adhesives used in the present
investigation are as follows:

Cycleweld C-3

Cycleweld C-3 with Durez 13297

Cycleweld 55-10

Plycozite 117C

Redux E

Bakelite XC16320

Pliobond M-20

GE 12513

adhesive supplied by B. B. Chemical Co.

Araldite Type 1

Plastilock 500

adhesive L-1372 of the Specialty Resins Co.

adhesive 1-1358F of the Specialty Resins Co.

Plastilock 601 Tape

Amberlite PR-115

Selectron 5003, with 1.6 percent benzoyl peroxide and
3 percent promoter RT-1

Cycleweld C-11

Selectron 5003, with 0.8 percent benzoyl peroxide

Resin X-2

HoZEprrRuHHOHEHOQW =

0 o
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NACA TN 2717
TABLE 1
CONDITIONS USED IN BONDING ILAP SHEAR TEST SPECIMENS
OF CLAD 24S-T3 ATUMINUM ALLOY v
Open Precuring conditions 11
assembly |after open assembly Curing ¢ tlons
Adhe- Method of | at roam Bonding
sive applying |conditions Pressure |memper-
adhesive |after last| mepperature | Time |- (psi) ature Time
coat (°") | (uin) (op) | (min)
(br)
A Spray 40 to 64 B - 250 350 25
B (a) 24 —— - 250 225 60
c Spray 48 to 68 200 45 150 300 30
D Spray 68 bogo 15 250 300 15
E (c) 4o to 4k —— - 250 300 10
F Web 20 ———— - 250 300 25
G Brush 16 to 2L 200 10 250 350 25
H Brush 8 320 20 200 koo 192
I Brush Overnight 350 12 250 350 10
J |98prinkied| ©None — - 5 360 120
K Brush 1 325 15 250 325 30
L Brush None —— - 5 75 |Overnight
M Brush None ———— - 5 5 Overnight
N |One layer None ———— - 250 koo 15
of tape
2primary adhesive was applied by spray end secondary adhesive, by
brush., Primary adhesive was assembled and cured as for adhesive A, except

that no pressure was used during curing in open assembly.
Prollowed by precuring in closed assembly at 300° F for 9 min.
COne component was applied by brush and the other, by dusting while

first component was wet.

don metal heated to 200° F.
“Metal only cooled to room temperature.
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TABLE 2
CONDITIONS USED IN BONDING LAP SHEAR 'JIE.‘ST SPECIMENS OF
PLASTIC LAMINATES TO THEMSELVES AND TO CLAD
24S-T3 ALUMINUM ALLOY
Curing
14 conditions
Adhesive Eetgginof Assembly Precuring Bressuge
PP & conditions conditions | P Temper-
adhesive (psi) Time
ature
(°F) (hr)
Spray |16 hr at 9 min at 150 300 |1/4
75° F plus 300° F
45 min at
200° F
Brush Imnediate No precure 5 5 16
assembly
Brush 5 min open No precure 150 75 16
plus 10 min
closed
Brush Immediate No precure 150 (6 16
assenbly
Brush Immediate No precure 5 ¥} 16
assembly
Brush 3% hr open No precure 150 250 1
Brush 5 min open No precure 5 5 16
plus 10 min
closed




TABLE 3

AYERAQE RESULYS (F TESTS OF LAF SERAR GPEODMENS (F CLAD 248-73 ALUMDNUM ALLOY BOGDED 70 ITOELF

YITH SEVERAL COMMFROTAL ADFFAIVEE AL PESTPED TMMEDTATELY AND APTER

ATING AT VARIOUS TEMPERATIREB

E‘.mh yalte in averass of rosults of teats on six specimsns except in toat 3 for sdhesivos A to 0, whare each
valms in averape of Tesults of toste on tio spacimans. Woare no valued are glven,; oo testa vers m]

Tost 11 Bpeclmeons tostsd lmmediately after reaching
{a)

0% ¥ 8% F 160 7 160° ¥ 2000 ¥ e50° ¥ 30 ¥ Wy 600° ¥
Mo~ {5} ()
aive \bj {5}
Avarege Averags Avarange Avarage Avarege Averags Averege Averoge Avarags
Adhesion | shoer |Adheslon uhur Mheaion | sheer |Adhesion | shear |Adbesicn | sheer [Adbesion | shear |Adhesion | shear {Adbeslon | shear |Adhesion
ptrangth] failure | ctrength| failwrs | strangth| fedlure |strepeth) foilura | strangth| failore |strength| feilure | etrangth| fadlure |strangth| failurs | strangth failura
(10/0.5 |(pervent) (11:/0-? ( peraant) (n:/o§ (peruent) [(1b/0.5 | (percant)| (/0.3 | (parcont)|(16/0.5 |(pereent)| (1/0.%5 |(pareent)| {1b/0.5 |(parcent)| {Iv/0.5 |(parcent)
8q in.) eq in. #y in eq in. #q In. &9 in. sg in. sq 1n. 8q in.)
A e813 100 1530 ”n 1168 22 005 B 16 830 ha "0 i 39 33 0
B ez (] 13 [} 1119 Q 810 g 0 566 0 0 mno 0 % 1k
0 Iro 100 1781 18 1951 ak gg 82 hhl 39 3he L5} hQ 63 35 26 i
D 30 100 082 B ity e5 12 1180 7 93 0 0 10 0 12 0
] 1732 3 1939 a3 1629 » 1103 17 &3 BE 250 0 0 50 0 ® 0
r 98 96 1182 Q &40 a2 uck 0 3T 162 Po) 33 g’\g 10 10 17
g 1kg3 9L Z'ra Ta - -- 32 87 — -— 176 83 1 —
H — --- 611 0 —- - —— - - - ——- - .- 20 o -
I = --- 2480 &7 1506 30 —— - 366 100 --- -- -- === == === hind
J -—- ——- 2297 L3 2033 E m— - 1923 57 --- - - === - --
b4 —— = 1619 g Ml 1 u—— “- & % - —_ - --- —_ -
L ——— —_ 1333 22 96 -—— - 90 -=- - - - - --- -
X ——— - 165 o 38 :3 - - 130 9g - - - -—- - —- um—
] 1633 o 1756 n 1079 9 1050 6 ™5 1 666 8 29 069 76 11k 86
%Data hare raperted for adhesives O, D, E, and T tested impedistaly at tosperaturss of 0P, 1&0°, 250°, 3500, XS0, and 6007 F vare from tests conduoted Jolntly by the
MOA and tnder & project in coopermtion with AFC-23 Fanel on Alrcraft Design Critecria,

h'l."crhﬂ ho"andemoi‘mcnuﬂaonam|u1uorapqoimmnhmﬂ:om\wumoﬂginulamwmmnm-cunviﬂ:\diﬁlrutmplunoiudhuuim

Combrol terts made at 807 F on this second warler guve resul in good agrosmemt with olmilar coutrol tests in the criginel series. Excaptions were ulth adhaslve C,
in wvhich tks comtrol valuss inth.nconﬁuriunuvm;&deﬁoklh/05aqiu_ rh-n;thnnﬂ?e-yucmtudhmimfaihn,lmuthmuinu, in which the comtrol velues for
the series tasted at 1k0° and £00° P averamed 961 1b/eq in. etrength and £5-parcent adhesion failure.
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TABIE &

HINTHH AND MAXTHIM BTRENUTH VALUES OF TESTS QF LAP GHEAR GPECINERD OF
CLAD 2hf-T3 ALIMINIH ALLOY BONDED 70 ITOELF WITH SEVERAL
C{MMERCTAL, ADEESIVER AND TESTED IMMEDIATELY AMD
AFTER AJTRD AT VARTODS TEHMPERATINES

Mirdwum and strepgth values
(1b/0.5 =q in.)

Specimons exposed

aqt Bt
st ab |,
sine- Yot 11 Bperimend tewbed isndistely sfter reechirg - ,tﬁuﬁﬁ“ﬁbﬁﬁ atter | THE 3 Eﬁ’:ﬁmy&ﬁ;aﬁ ¥ EE z;h:n?m:jr?ﬁ%n
teatad at -
q°F | 8°F | aw°ey |160°F |eocr |250P B 3m0° | Moot P (600 F|160° 7 | esoP [ 2m0%T| WP F| 2600 7 [ e0fF | 3P F | bR -0®F [ &°F J et

A |2870-3060] 1336-1760(1180-1005 | 912-11h0{ 900- g0 |TE0-0MS| EoT-60T| BLs-hgT | a7~ Bk | B70-1097] 810~ TIN Wo0-638| —-—- 1165-1307] TT5- 790] €97~ TIO —---==| O 43| 50- 1IR| o 05
B | 650-1180]1210-1%k0| $80-1298 | 619-2010| TB0-105 |Le0-690| k12662 |463-Ta0 | IT-11h |~ ———| T00- 523 ETR-TEO| 0= 25— —=====]11T0~-1200] 1110-1905| -~ —-== 360-1000| T6%= §63(530-500
c | To0- B3oj1680-1550|181m-0060 | fe2- SaT|1115-1205 |[2T3-ke7| 90-170| bk- 79| 16- 30 | €a%-11ie| e~ TS| 390438  0-160{1770-211% 2300-25%0| 2320~ 26h0) 83-k05| 510-1100 | 750-16%0| 6T-1%
1 | Tho-11£0]1800-23%0 |2100-2280 | k3n-1Wpo| 963-16%0| 60-1e7| @0~ 36| B- 12| 2- 17| T0T-2695|AT0-1338[24T-M0| €7- £T|0E0-LR50]2330-2k20| 350-2160| 103123170~ B35 | 195 k2| 55-Lko
B [1590-1870| 1850-2010 | 22951703 o10-1160! 585- 61‘5#01-295 100-153| 38~ 29| @4~ 3B L390-1725| 8721002 | 250-333 | 113-207| 1983-13451 L4€0-1752] 1€30-1 30| 567650 | 051643 | bdo- 850 |1h3-203
7 | To0- 90| sie-1333] mde- 695 | 208~ 50| 30~ W00 |135-183| mE- 6| 19- Sh | 7- 1z | ThE-LLNS| 5 Stolal-Mio| 12 T3(1ITI-£030) £203-0228 | 15h0-19001 h3-hi2 |B45-11k0 | 832-1M2 | T3-16%
¢ [1220-1780| €07- 957|——em-en | 207~ BOH|--momennn 50-265) 6a-1h5| 35- B £55-360 | 15=300 | = == = m = [ m e e e B35~ 3E0] IB-H05 |~ =mm=om - | 2640-1003 215202
E |eeee—ea—| %50~ 722 - 10~ 30 - 60-125 160-823 -
I 2206~ 2718 | 1875- 1485 [-aommmm- 200~ ¥30 S8 - -
T oo mn | 15TI-EMED [LEUS~ 2O [om e mmm = | LTPO-RLT0 |- e | m e [ e | e e e e e | 902130 - e e | — o o] e | e e b
K 1469-179€ | 380- B0 fememmmmn] 80- BS|ceceeer|——nn - 0-180| — e o= | e e e e e
L 1166-1458| 185- 305 bo-emsemm| 80~ 100 0-117 - --
H 15733-1827| 293~ 690 [m———| &5~ 10 0-160 ———
o pono-2365 1563-1925 | 925-1320 | 955-1120) 675~ 895 |360-T35|310-560 | 235-305 [ TO-153 [L005- 100 96001007 | 632-800 [¥52-532 1720-2045| 1vho-1830)1880-1570| 575610 -

0c¢
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TABLE 3

AVERAGE RESULYS CF TESTE OF LAP SHRR SPEOTMENS OF FLASYIC LAMINATEE POMPED TO THRHEELVES AMD OF PLASTIC

LAMTMATES BORDED PO CLAD ALIMINOM WITH SXVFRAL COMMERCIAL AIHESIYES ARD TIBTED AT
-70°, B0P, D £50° F THWFDIATELY UPON REACHING ERUILIBRIUM
Ay THISE TEMPERATURED

ffach velne o wrerage of results of teste ca lght epecimens. Fallure ot recarded vas usunlly cobesion
failure in adheiive. WVhers no welngs are given, mo teots verc made.]

#5pe Al:  Grede L cotton- 2ype B Glass-fabric
fabric-phamolic larirate (1B1-11h)-palyentar lominate
teasted at - temted at -
‘31"‘3."' ~T° ¥ Boo r 2% -0° ¥ 600 T 235° ¥
Avarage Averags Avurage Arersgs Avaruge Average
nhoar Plastic | Adbesion | chaar Flastic |Adhesion ( shear Plastic |Adbasdon | shear Flestic |Adhesion | shear Plastic |Adbesion | ahoer Flastic |Adhesion
strength | faillurs | fallure | stresgth | failure |failurs |straength| I Talinre |wtrangth| feilure | failime | strength| failure | fallure | strength| feilwrs | failure
(18/0.5 |(percent} {parcent)! (10/0.% |{percant)] (percemt}l (1b/0.% Uparcent)| (parcemt}! (10/0.5 percant}! {percamt)t (10/0.% lzarcent) | (parcamt}] (10/0.8 Vimrcent)| (peraant)
oq ic.) {3) og ia.} 3) og in.} sg 1n.) LL] 3 s 1n.§
D 663 100 5 6o 100 0 a1l 0 66 f: 2 18 82 1100 13 ] 303 0 k1
K &1 100 o (21] 100 0 188 0 29 a1 <] ™ 684 6 o4 267 0 37
) -— ——- - e 0 100 —- - - --- — — ag 2 9T - - ——
P -- --- - g o 100 —_ - - hal ] 100 k66 0 100 218 0 100
e ! et 100 0 &0 100 114 o 5 &9 k9 5 &2 a g2 19 1 22
| - -— - t-11 0 100 - - - 6L 3 63 90 20 a0 333 i3 -]
8 To0 100 0 639 ] 2 a6 ] kg 211 5 fe kso 5 2 143 L] )

lh'pe A spegimen ocoanistad of two L- by J%

-in, pisces of 1/8-in,-thick grade L cotton-fabria-phenolic lamirate lep-jointed ‘for 0.5 in,

2¥7e B apooimsn was the sams ao typs A except thet the laminate used was 1/8-in. -thick glass-fabrio (181-114)-polyester laminata,
Ihare 100-percent pio#tic failures ave shown, failures vers rainly in tension,

LTLe NI VOUN
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TARLE 5.~ Concluded

AYERAGE RESUINS (F TEITO OF LAP GHFAR EBFICIHESS OF FLAOTIO LAMINATES BCADED TO THFMSELYES AND OF FLABTIC

LAMTNATSY PONDED B0 (LAD ALUWINOH VITE BEVERAL COMMERCTAL ADEFSIVES AXD ESTED AT
-70°, 80°, AD 250° P DOCDIATELY UPOR RBACKING EQUILTERIOH
AT THFSE TEMPRIMTEES - Conclnded

Tyre O 256-T3 clad eluninmm to
gradea L ¢cotton-fabric-phanolic
lominato tested at

Type D%

243-T3 clad alumdimm to
sloss-fabric (181-11k)-polyester
laminsto tested at

Adhe-~
siye
-16° ¥ i ] a0 7 -T° F 8° ¥ 500 B
Averege Avarags Averege Average Avorngs kveTage
shear Flastic |Adbamicn | shoar Pastdo |Adhsolon | sheax Plastic | Adbamon | wheer Plastic |Adhesiom | shear Flastic |Adhesion | shear Flastic- | Adhesion
gtreangth| fatlice | falluze 1 fallure |strength fallure |etrength( fallove | fuilurs |stropgth| failore | failure |etrength| failure | failure
(1b/0.5 |(percent)|{percent) (Ib/o.g {percant)| (percent)| {1b/0.5 |(percent)| {parcent) (lh/O.i {parceut)| { percont) (11:-/0.? (percent) | (parcemnt) (.‘I.b/o.? {parcant) | (parcedt)
»q io. »q in. [N sq in.) »q in, aq in. aq in,
D 48 1 9k ENL} 3 1 1% 0 190 135 5 &3 ko2 53 5 a3 3 80
M 10 0 89 285 3 & 91 ] 8z 02 1 & $5a h as L 0 I
0 —— - —— — - - —_ - —— -— -— — - -— - _-— - —
P Jp— - -— [y - — —— - —— —— — -— -— - -— — - —
Q 186 o 100 k38 0 100 5] 0 96 31 3 & %0 10 90 33 o 86
R — - . - - — ~— - -— .- - — — -— — ——— - -
3 —— - ——— —— - [ —— - - —— - -— —— - - — - -
___

phenclic laminate in tha lap area.

h T o . . B
“Type U speoimen comsisted of two 1- by Lﬁ—m‘ risces of 0.032-in. 245-T3 olnd alwminom alloy cverlapped for 0.5 in, with a shim of 0.032-in. greds L cotton-fabric-

“ype D spocizon vas tha sars as type O speoimans except that the shim fu the lap area vas of 0,032-in. glase-fabric (1B1-11%)-polyester laminata,

ac
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TABIE 6

MINIMUM AND MAXTMUM STRENGTH VALUES OF TESTS (OF LAP SHEAR SPECIMERS OF FLASTIC LAMINATES

BONDED TO THEMSELVES AND OF PLASTIC LAMINATES BONDED TO CLAD ATUMINUM WITH SEVERAL

COMMERCIAL ADHESIVES AND TESTED AT -70°, 80°, AND 250° F IMMEDIATELY UPON

REACHING EQUILIBRIUM AT THESE TEMFERATURES

Mininmum and meximom strength values
(/0.5 8q in.)
Adheaive | TP Al Grade L cotton- | ‘Type B%: Glass-fabric | I2° 0% 2ls-13 claa Typs D*:  2l8-13 clag
V€ | fabric-phenolic laminats (181-114) -polyester alumimm to grade L aluminum to glass-
fested at - laminste tested at - cotton-fabric-phenclic |febric (181-11L)-polyester
laminate tested at - laminate tested at -
~T°F ; 80°F | 250°F| ~70°F | 80°F |om°®| -70°F | 80°F | 25%0°F | ~70°F | 80°F | 2500 F
D 632-Tho | 615-655 | 250-485 | 800-912 | 935-1320 |175-L460 235-267 | 360-472 [135-185 {287-385 |370-442 [185-335
M 672-727 | 615-690 | 170-205 | 487-957 | 385~ 870 |212-330 | 120-155 [25-330 | 75-100 |15%5-2ko0 310-425 | 45- =57
0 | ammmee 280-360 | mmmmmmm | —ommme 365 U55 [cmmnmn | amooZlD | cilanin | Wil DI |2 M P
P m———— 280-385 | ~enee- 365-LU5 | 400- 5251200-250 | mmmacms= | mmmmmon | cmmmmae | oo o e
Q 622-708 | 595-670 | 93-130 | 825-986 |600- T12| 80-150 | 165-225 [378-T02 | 25- 65 |1T2-274 Wh ok | 20- k%
R | =------ 365-490 [-ammman 6L0-852 [ThO- 835 |265-420 | =m-mmmm | =mmmmn | cocimme | meeeen | —ae- dmm f e
8 645-T48 | 600-680 |195-365 | b05-660 | 315~ ¥85[120-160 [ mmmmman |wsmccme | commme e e m e

1Type A specimen consisted of two 1- by 1:8L in, piecee of 1/8-1in.-thick grade L cotton-fabric-phenolic leminate

lap~Jointed for 0.5 in.
2Type B specimen was the same as type A

3

lyegter leminate,

3Type C specimen consisted of two 1~ by
0.5 in. with e shim of 0.032-in. grade L cotton-fabric-phenolic leaminate in the lep ares.
e D specimen was the same as type C specimens except that the shim in the lap area was of 0.032-in. gless-

fabric (181-114)-polyester laminate,

except that the laminate used was 1/8-in,~thick glass-fabric (181.11k)-

l% -in. pleces of 0.032-in. 248-T3 clad aluminum alloy overlapped for

B
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L, 0.064" CLAD ALUMINUM 245-T3
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Figure 1.— Test panel and test specimen for ewvaluation of adhesives
in joints of clad aluminum to itself.
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5 GLASS- OR COTTON-FABRIC

/ PLASTIC LAMINATE
/ i 7 v
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Figure 2.- Test panel and test specimen for svaluation of adhesives
in Joints of plastic laminate to itself.
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0.032" CLAD ALUMINUM 245-T3
fmv” GLASS- OR COTTON -FABRIC | AMINATE

e S

10%" ~ -~/ fa= [ "wy

%
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Figure 3.~ Test panel and test specimen for evaluvation of adhesives
in joints of plastic laminates to clad aluminum.
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